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Abstract: Sludge ceramsite (SC) can be utilized as a lightweight aggregate in concrete, especially in
external wall materials, due to the increasing volume of polluted sludge, which contributes to water
system deterioration and poses greater threats to human health. The influence of the fresh mortar’s
slump flow on the dispersion of ceramsite was studied. The ultrasonic sound velocity, capillary
water absorption rate, compressive strength, and coefficient of variation (CV) were measured in this
study. Thermogravimetric (TG) analysis, ultra depth-of-field microscope scanning, X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dispersive spectrometry (EDS) were used
to analyze the performance mechanism of the ceramsite concrete. The results indicated that adding
SC could reduce the fluidity of the fresh concrete, with a reduction by rates of up to 2.04%. The
addition of WRA could improve the fluidity by rates of up to 60.77%. The relationship between
the ultrasonic sound speed and the increasing fluidity could be deduced as a negative correlation.
The water absorption was negatively correlated with the compressive strength. The concrete with a
slump flow of 12.35 and 12.5 cm reached the maximum compressive strength, which had the lowest
water absorption, and demonstrated internal homogeneity. The optimum slump flow was 12.35 and
12.5 cm. With the slump flow of 12.5 cm, the corresponding CV was the lowest, showing the optimum
SC’s dispersion. Through TG, XRD, and SEM analyses, it was verified that the addition of 0.6% WRA
promoted the hydration of cement. In addition, SC increased the hydration products.

Keywords: sludge ceramsite; dispersion; slump flow; compressive strength; X-ray diffraction

1. Introduction

Due to industrial discharges, the amounts of industrial pollutants and contaminated
river sludge are increasing [1,2]. In the whole world, the annual municipal sludge pro-
duction has been expected to reach 100 million tons by 2024 [3,4]. Sludge accumulation
in rivers severely affects the entire water system [5]. It can be used as a raw material to
produce industrial ceramsite [6,7]. In this way, it can provide a solution to the problem of
waste disposal and also offer economic benefits, achieving low-cost resource utilization of
sludge [8]. Through technological innovation and market development, the production of
sludge ceramsite (SC) has great economic potential [9].

SC can serve as lightweight aggregate in concrete, offering benefits such as reduced
self-weight, low thermal conductivity, good hard film properties, and convenient con-
struction [10,11]. It can be widely used in roof slopes, thermal insulation layers, non-load-
bearing wall sound insulation, and so on [12]. It should be mentioned that this ceramsite
is different from lightweight expanded clay aggregate (LECA). LECA is usually made by
high-temperature roasting and swelling, while the production process for sludge ceramsite
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includes raw material pretreatment, batching, molding, pre-burning, roasting, cooling,
screening and other steps [13]. Compared with LECA, it has a denser structure and more
active properties [14].

At home and abroad, scholars have performed a lot of experiments on the preparation
and performance of ceramsite concrete using waste materials such as sludge, paper and
waste gangue. Xie et al. [15] used papermaking sludge to prepare expanded ceramsite and
invented a green self-insulation wall block with ceramsite. The wall block shows a thermal
conductivity of 0.39 W/(M2·K). Wang et al. [16] found that when the gangue ceramsite was
used as coarse aggregate with a 40% substitution rate, the compressive strength could be
up to 50.8 MPa, which was only 1.7 MPa lower than ordinary concrete [17,18]. A study by
Li et al. [19] reported that the lightweight ceramsite concrete made from paper sludge could
enhance the compressive strength by 53%. The cement hydration products can enter the
interior of ceramsite, which promotes the close combination of ceramsite and cementitious
materials [20].

At present, the use of ceramsite concrete still faces several challenges. Firstly, the
density difference between ceramsite and cement mortar causes the ceramsite to float,
resulting in the separation of the mortar layers [21]. Secondly, during the mixing process,
the ceramsite absorbs water, causing a decrease in the slump flow [22]. Ultimately, it
affects the bearing capacity, fluidity, and durability [23]. Bu et al. [24] found that with the
increase in the rubber ceramsite content, the compressive strength of rubber ceramsite
concrete increased first and then decreased. The water absorption was negatively correlated
with the compressive strength. To solve this problem, Wang et al. [25] discovered that
the segregation degree of sludge ceramsite, which was crushed, coated with ash, and
pre-wetted for 1.0–2.0 h before pouring, could be reduced to approximately 2%. Wang
et al. [26,27] showed that the coefficient of variation could be used to characterize the
dispersion of the internal filler. This has certain reference significance for our research
on the dispersion of sludge ceramsite. Although there has been some research on sludge
ceramsite, the corresponding mechanism of fresh mixed ceramsite concrete mortar has not
been reported. In particular, the dispersion of sludge ceramsite at different slump flows
has not been investigated.

This study aims to evaluate the influence of the water-reducing agent (WRA) content
(0%~1.2% by the mass of cement) and SC content (10% and 20% by the total mass of all
materials) on the fluidity of ceramsite concrete. In this paper, the influence of fluidity
on ultrasonic velocity, capillary water absorption, and compressive strength was studied.
The ceramsite dispersion was characterized by the coefficient of variation (CV). Moreover,
thermogravimetric (TG), ultra depth-of-field microscope scanning, X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy dispersive spectrometry (EDS) were used
to reveal the mechanism of performance change. This study provides a new approach to
the treatment of fresh SC concrete.

2. Experimental
2.1. Raw Materials

Ordinary Portland cement (OPC) was used in this study. The initial setting time and
the final setting time of the Portland cement were 155 min and 305 min, respectively, with
a specific surface area lower than 350 m2/kg. In addition, quartz sand (particles with
a size range of 0.35 mm to 0.59 mm) and an efficient WRA (polyarboxylic acid system,
brown microemulsion solution, water reduction rate of 40%) were prepared in this study.
Ceramsite, a material produced by Anhui Taotianxia Environmental Protection Technology
Co., Ltd., Huainan, China, was used. The length radius was 5–10 mm. The apparent
density was 620 kg/m3, with a 24 h water absorption of 18.1%. Table 1 shows the chemical
composition of the raw materials. The appearance of SC is shown in Figure 1.
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Table 1. Chemical composition of the raw materials (%).

Types
Chemical Composition (%)

SiO2 Al2O3 Fe2O3 MgO CaO SO3 R2O Loss (%)

OPC 21.18 5.19 3.84 3.91 62.51 2.90 0.47 1.55
Medium sand 99.66 0.12 - - 0.11 - 0.11 -

SC 54.99 20.55 14.26 3.42 2.8 3.98 - 23.6
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Figure 1. Appearance of the SC.

2.2. Specimen Preparation

The water–cement ratio of 0.4 was maintained, and the total mass of the medium sand
and SC remained unchanged. Ten groups of ceramsite concrete were manufactured with
the proportions shown in Table 2.

Table 2. Mix proportions of ceramsite concrete per one cubic meter (kg).

Group Water Cement Medium Sand SC WRA

C1 144 360 792 144 0.00
C2 144 360 648 288 0.00
C3 144 360 792 144 1.44
C4 144 360 648 288 1.44
C5 144 360 792 144 2.16
C6 144 360 648 288 2.16
C7 144 360 792 144 2.88
C8 144 360 648 288 2.88
C9 144 360 792 144 4.32

C10 144 360 648 288 4.32

The preparation of each specimen was in accordance with the JGJ/T 12-2019 and GB/T
17431.2-2010 [28,29]. Firstly, the cement, quartz sand and SC were poured into the UJZ-15
mortar mixer. After dry mixing for 30 s and stirring evenly, the solution of the WRA and
water was slowly poured and mixed. Once the materials had been stirred for 480 s, the
mixing pot was removed from the turntable. Then, some of the fresh mortar was removed
to be used for the slump flow test. The remaining fresh concrete was poured into the mold
to form 6 specimens with dimensions of 100 mm × 100 mm × 100 mm. After 24 h, when
the specimens had reached a certain strength, the specimens were removed from the molds.
Then, all the specimens were placed in the standard curing environment (temperature of
20 ◦C ± 2 ◦C, humidity of more than 95%). The specimens were maintained for 28 d. The
procedure for the preparation is shown in Figure 2.
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2.3. Measurement Methods
2.3.1. Slump Flow Test

The slump flow test was in accordance with the GB/T 2419-2005 method for the flow
determination of cement mortar [30]. Take out part of the fresh concrete and pour it into the
test mold in the center of the jump table until basically level with the mold opening. Start
the instrument immediately after removing the mold. Stop the instrument after jumping
the table 25 times. Use a ruler to measure the maximum vertical diameter of the bottom
surface of the concrete and calculate the arithmetic average of the two vertical diameters
as the slump flow of the group. The 10 groups of specimens were tested according to the
above experimental steps 6 times.

2.3.2. Ultrasonic Testing

The ultrasonic testing was carried out using the ZBL-U5100 ultrasonic testing instru-
ment provided by Times Shuangjie Instrument Technology Co., Ltd., Tianjin, China. It
was conducted after curing the samples for 7 days, 14 days, and 28 days. For the specific
experimental methods, refer to the article written by Chen Bo and Ghani Razaqpur [31].
Since the speed of propagation of ultrasonic velocity in the solid phase is greater than that
in the liquid and gas phases, concrete with higher ultrasonic velocity will have fewer cracks.
In this experiment, there were 6 blocks in each group and 2 test points were sampled. The
average value and coefficient of variation were taken in the final analysis.

2.3.3. Capillary Water Absorption Test

The methods for the capillary water absorption test referred to the article by Zhang C.
et al. [32]. In this paper, only the water absorption at the bottom of the block was tested.
Put the test block in the high-temperature drying oven. When the block is completely dry,
first measure the length at the bottom of the block and calculate the area at the bottom of
the block. Then, use epoxy resin glue from the bottom of the test block to 3–4 cm up the
top (AB glue was mainly used in this paper) without a space. Then, weigh the mass of the
sample. The depth of the water should not exceed 3–4 cm. Put the bottom of the test block
down into the water, and remove the test block every two minutes and weigh the test block.
When the quality of the block remains unchanged, the test of the particular test block can
be ended. Six samples in each group were tested. The average value and coefficient of
variation were taken in the final analysis.

2.3.4. Compressive Strength Test

After the completion of all the experiments above, the compressive strength test could
commence [33]. The measuring process followed the Chinese standard GBJ 81–85 [34]. The
strength measured from the 6 specimens in each group was eventually averaged for the
final analysis.
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2.3.5. Experiments on Microscopic Properties

The specimens were dried in an electric constant temperature blast-drying oven at
(60 ± 5) ◦C for 24 h until they reached a constant weight. Each specimen was taken out
and cooled in an indoor environment at (20 ± 5) ◦C. Then, the samples were subjected to
microscopic mechanism tests. The TG-209F3 produced by the company NETZSCH, Bavaria,
Germany was used in the TG analysis experiment. The samples were finely ground through
a 0.1 mm sieve. Then, 100 mg was weighed on a thermal balance. The heating speed was
controlled through a heating device, and the sensor monitored the weight changes of the
sample in real time. The temperature ranged from 30 ◦C to 900 ◦C, with a heating rate of
10 ◦C/min and a nitrogen gas flow rate of 150 mL/min. By recording the sample quality
with the temperature changes through a data collection and processing system, a graph
of the relationship between the sample quality and the temperature changes could be
obtained, and its characteristics could be analyzed. The Olympus DSX-500 provided by
Shimai Technology Co., Ltd., Wuxi, China was used for the ultra depth-of-field microscope
scanning experiment. To obtain a flat and undamaged sample surface, the sample of
the cross-section was polished. The sample was placed under the microscope to observe
and analyze the microstructure, surface texture, and distribution of the sludge particles.
The samples were pulverized and used for XRD. It was carried out using a D8 Discover
X-ray diffractometer from Brooke, Berlin, Germany. The scanning method was continuous
slow scanning, with a working voltage of 40 kV, a current of 40 mA, a scanning speed of
0.6◦/min, and a scanning range of 5◦ to 90◦. After the experiment was completed, the XRD
patterns were obtained. The crystal phase, crystal structure, and other information about
its existence could be determined by this analysis. For the SEM-EDS experiment, a sample
of a flat, rice-sized portion from inside the concrete was taken, and a layer of gold-plated
film was sprayed on the surface before scanning. The sample was then placed in a vacuum
environment for observation. In this experiment, a Nova Nano SEM scanning electron
microscope, produced by FEI, Hillsboro, OR, USA, was used to observe the microstructure,
with a resolution of 3.5 nm, an acceleration voltage of 500–30,000 V, a magnification of
18–30,000, a sample stage diameter of 30 mm, and a Brooke Quantum EDS spectrometer
manufactured by Brooke, Berlin, Germany was used for elemental analysis in the micro
range. The experimental procedure is shown in Figure 3.
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3. Results and Discussion
3.1. Slump Flow Test Results

Figure 4 shows the slump flow of the fresh concrete with different WRA and different
SC content. Figure 4 demonstrates that as the WRA content increased from 0% to 1.2%, the
slump flow of the mortar exhibited an upward trend. The increasing rate of the slump flow
with 10% SC varied from 0% to 60.77%. This was attributed to WRA’s ability to enhance
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the fluidity of the cement mixture [35]. However, the slump flow with a larger content of
SC was relatively small, with a reduction by rates of up to 2.04%, indicating that increased
SC particles lead to higher water absorption and reduced fluidity. Therefore, both the SC
and WRA content affect the slump flow, although WRA has a more pronounced effect
compared to SC.
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3.2. Ultrasonic Testing Results

Figure 5a illustrates the correlation between the slump flow and the ultrasonic velocity.
With increased fluidity, the ultrasonic sound speed of the hardened specimens decreased
by 4.1~8.5%, indicating a deteriorated distribution of SC particles and increased porosity.
Moreover, as shown in Figure 5a, the height of the curves shows that the ultrasonic velocity
in each group increased continuously with age. It can be observed that the ultrasonic
velocity curve of the groups with 10% SC was always above the curve with 20% SC,
indicating that the internal compactness decreased with the increasing addition of SC.
The ultrasonic velocity in some groups with lower WRA was higher than in other groups,
indicating that excessive WRA can negatively impact concrete [36,37]. Figure 5b displays
the coefficient of variation (CV) in the slump flow. A smaller CV indicated a positive effect
on the concrete dispersion. The lowest CV was observed at a slump flow of 12.35 cm,
indicating an optimal dispersion.

Coatings 2024, 14, x FOR PEER REVIEW 6 of 16 
 

 

flow with 10% SC varied from 0% to 60.77%. This was attributed to WRA’s ability to en-

hance the fluidity of the cement mixture [35]. However, the slump flow with a larger con-

tent of SC was relatively small, with a reduction by rates of up to 2.04%, indicating that 

increased SC particles lead to higher water absorption and reduced fluidity. Therefore, 

both the SC and WRA content affect the slump flow, although WRA has a more pro-

nounced effect compared to SC. 

0 0.4 0.6 0.8 1.2
0

2

4

6

8

10

12

14

16

18

20

22

24

 Slump flow−10% SC

 Slump flow−20% SC

S
lu

m
p

 f
lo

w
 (

cm
)

WRA (%)

-60

-40

-20

0

20

40

60

 Increasing rate−10% SC

 Increasing rate−20% SC

In
cr

ea
si

n
g

 r
at

e 
(%

)

 

Figure 4. Slump flow of SC fresh concrete. 

3.2. Ultrasonic Testing Results 

Figure 5a illustrates the correlation between the slump flow and the ultrasonic veloc-

ity. With increased fluidity, the ultrasonic sound speed of the hardened specimens de-

creased by 4.1~8.5%, indicating a deteriorated distribution of SC particles and increased 

porosity. Moreover, as shown in Figure 5a, the height of the curves shows that the ultra-

sonic velocity in each group increased continuously with age. It can be observed that the 

ultrasonic velocity curve of the groups with 10% SC was always above the curve with 20% 

SC, indicating that the internal compactness decreased with the increasing addition of SC. 
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3.3. Capillary Water Absorption Test Results

Figure 6 shows the capillary water absorption of the different slump flows with
the soaking time. Table 3 presents the fitting results for the soaking time (T) and water
absorption (W). Initially, all the groups exhibited rapid increases, followed by stabilization.
The rapid water absorption rate was due to the dry block, facilitating water absorption
into the voids. As depicted in Figure 6, C9 and C10 with 1.2% WRA reached a maximum
water absorption of 0.11%, indicating that the dispersion was the lowest [38]. This could
be attributed to several factors. Firstly, the excessive WRA content may lead to overly
fluid fresh concrete, causing bleeding in the poured test block. Additionally, the lower
density of ceramsite compared to fresh mortar, after thinning, may result in segregation
within fresh concrete [39,40]. The lowest final water absorption of C5 and C6 confirms the
relatively symmetrical concrete interiors, with slump flows of 12.35 cm and 12.5 cm. It can
be concluded that WRA can improve the condition of fresh concrete within a certain range,
but exceeding that range results in adverse effects.
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Table 3. The fitting results of the soaking time in water (T) and water absorption (W).

Equation Types a xc k R2

W = a/(1 + e(−k(T−xc)))

C1 0.060 2.20 0.30 0.99
C2 0.058 3.35 0.36 0.99
C3 0.071 4.02 0.45 0.99
C4 0.092 3.96 0.40 0.99
C5 0.058 3.88 0.41 0.99
C6 0.058 4.01 0.40 0.99
C7 0.062 3.57 0.40 0.99
C8 0.068 3.76 0.37 0.99
C9 0.11 4.39 0.37 0.99

C10 0.11 4.49 0.37 0.99

3.4. Compressive Strength Test Results

Figure 7 shows the compressive strength variation with the different SC and WRA. In
Figure 7, the increase in fluidity caused the compressive strength of the concrete to first
increase and then decrease. At a slump flow of 12.5 cm, the specimen achieved a maximum
compressive strength of 15.51 MPa. The compressive strength of the concrete with the
same WRA increased as the content of SC ranged from 10% to 20%. This was attributed to
the porous nature of SC, enabling it to absorb free water in the concrete, thereby reducing
the water–cement ratio and enhancing the strength [41–43]. The addition of WRA can



Coatings 2024, 14, 1095 8 of 16

enhance concrete’s compressive strength within a specific range. However, exceeding this
range can lead to bleeding and other adverse conditions, thereby affecting the concrete
strength [44]. To summarize, it was found that when the slump flow was 16.5 cm and
16.8 cm, the concrete had high water absorption and low compressive strength, showing
poor concrete properties. By contrast, when the flow degree was around 12.5 cm, the water
absorption was low, along with high compressive strength. The relationship between water
absorption and compressive strength could be deduced as a negative correlation. As can be
seen from the figure, the ultrasonic velocity was not necessarily related to the other two
parameters. The CV was lower for slump flows of 12.5 cm and 12.45 cm. This indicates the
good dispersion of concrete with 0.6% WRA. The CV with a 11.6 cm slump flow was the
highest, indicating the poor dispersion of concrete with 20% SC and 0.4% WRA.
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3.5. Interpretation of TG Curves

To quantify the hydration degree of the concrete under different fluidity, TG/DTG
tests were carried out at a temperature ranging from 30 ◦C to 900 ◦C. Figure 8 shows the
TG and DTG curves of the concrete. Based on the DTG curves, the mass loss of the sample
can be mainly divided into three steps [45]. The first heat absorption peak (70–400 ◦C)
was caused by the decomposition of C-S-H, AFt, etc.; the second heat absorption peak
(400–500 ◦C) was caused by the dehydration reaction of calcium hydroxide (CH); and the
third heat absorption peak (500–800 ◦C) was caused by the decomposition of calcium
carbonate (CaCO3) [46]. Figure 8a presents the differences between the concrete with 10%
SC and 20% SC when the addition of WRA was 0%. The decomposition of organic matter
occurred before the decomposition of CH. It could be seen that the organic matter of 20%
SC was higher than 10% SC. The decomposition content of CH in 20% SC was less than
10% SC, which may be because the organic matter in SC prevented the formation of CH. As
shown in Figure 8b–e, the total mass loss increased and then decreased with the increase in
fluidity. When the addition of WRA was 0.6%, the mass loss was the largest, indicating the
highest hydration degree.
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was relatively uneven [47]. In particular, as can be seen in Figure 9j, the addition of WRA 
was prone to the stratification of aggregate and hydration products. 

Figure 8. TG analysis curves: (a) TG curve of 0% WRA; (b) TG curve of 10% SC; (c) DTG curve of
10% SC; (d) TG curve of 20% SC; and (e) DTG curve of 20% SC.

3.6. Ultra Depth-of-Field Microscope Results

The concrete was scanned in section. The results are shown in Figure 9. Due to the
instrument, the figures in the upper left corner were displayed in Chinese. It can be seen
that the dispersion of ceramsite changed from uniform to dispersed with the increase in
fluidity. The samples with 0% WRA cannot show obvious ceramsite. With the increasing
addition of SC, there was an area distribution of ceramsite and the interface could be seen
more easily. When the addition of WRA was 0.6%, it can be seen that the ceramsite and
other materials were relatively bonded, with no obvious gaps. In contrast, the distribution
of ceramsite in the 0.8% and 1.2% WRA samples was more dispersed. The concrete surface
was relatively uneven [47]. In particular, as can be seen in Figure 9j, the addition of WRA
was prone to the stratification of aggregate and hydration products.
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Figure 10. X-ray diffraction patterns of the specimens: (a) concrete with 10% SC; and (b) concrete 
with 20% SC. 

3.8. SEM-EDS Analysis 
SEM images of each group are shown in Figure 11. Table 4 shows the element distri-

bution obtained by EDS. The interfacial transition zone (ITZ) was the primary focus of this 
study. As observed in these images, the amount of calcium hydroxide (CH) first decreased 
and then increased with the increasing fluidity. Concurrently, as the amount of SC in-
creased, the quantity of hydration products also increased. The ITZ of the sample with the 

Figure 9. Ultra depth-of-field microscope scanning of specimens: (a) 10% SC 0% WRA; (b) 20% SC 0%
WRA; (c) 10% SC 0.4% WRA; (d) 20% SC 0.4% WRA; (e) 10% SC 0.6% WRA; (f) 20% SC 0.6% WRA;
(g) 10% SC 0.8% WRA; (h) 20% SC 0.8% WRA; (i) 10% SC 1.2% WRA; and (j) 20% SC 1.2% WRA.

3.7. XRD Analysis

Figure 10 shows XRD images of the specimens. From Figure 10, the diffraction peaks
of CH and SiO2 mainly appeared, in addition to the presence of calcium feldspar (anorthite
-CaAl2Si2O8) and hydration products such as calcium silicate hydrate (C-S-H). In the 10%
and 20% SC concrete, the SiO2 diffraction peaks of the samples with WRA of 0.6% and 0.8%
were lower, indicating that more SiO2 was involved in the hydration-hardening reaction
to change the crystalline form. However, the sample of 1.2% WRA had greater SiO2
content, which was because more water caused by segregation could not react completely.
Furthermore, the SiO2 reduced with the increasing addition of SC in the hydration reaction,
indicating that the participation of the components was enhanced [48]. In the 20% SC
concrete, the samples with 0.4% and 0.8% WRA had a higher calcium feldspar peak
intensity. The presence of this crystalline state could provide some mechanical strength to
the SC, resulting in higher compressive strength.
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Figure 10. X-ray diffraction patterns of the specimens: (a) concrete with 10% SC; and (b) concrete
with 20% SC.

3.8. SEM-EDS Analysis

SEM images of each group are shown in Figure 11. Table 4 shows the element dis-
tribution obtained by EDS. The interfacial transition zone (ITZ) was the primary focus
of this study. As observed in these images, the amount of calcium hydroxide (CH) first
decreased and then increased with the increasing fluidity. Concurrently, as the amount of
SC increased, the quantity of hydration products also increased. The ITZ of the sample
with the addition of 10% SC and 0% WRA exhibited a greater number of particles and
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more pronounced pores. The concrete interface appeared rougher, with a reduced presence
of nearby hydration products. In the samples with the addition of 20% SC and 0% WRA,
distinct macropores were observed. Near the ITZ, the distribution of the hydration products
was uneven. Additionally, more obvious clustered products were observed in the ITZ of
the samples with 0.4% WRA. In the ITZ of samples with the addition of 10% SC and 0.6%
WRA, the C-S-H gel was more tightly wrapped, forming a more continuous bond [49]. In
the samples with the addition of 20% SC and 0.6% WRA, a higher number of flocculent
products were observed in the left region, along with dense hydration products and in-
creased densification in the ITZ [50,51]. This finding reinforced the notion that the concrete
with 0.6% WRA exhibited a superior internal structure. The ITZ of the samples with the
addition of 0.8% WRA and 1.2% WRA showed an interior with no obvious hydration
products. Particularly in C9, there was a small amount of flocculent products generated,
and the overall connection was not tight enough. Similarly, it was verified that the concrete
strength was lower at this WRA content.
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Figure 11. SEM-EDS micrographs of the specimens: (a) 10% SC 0% WRA; (b) 20% SC 0% WRA;
(c) 10% SC 0.4% WRA; (d) 20% SC 0.4% WRA; (e) 10% SC 0.6% WRA; (f) 20% SC 0.6% WRA; (g) 10%
SC 0.8% WRA; (h) 20% SC 0.8% WRA; (i) 10% SC 1.2% WRA; and (j) 20% SC 1.2% WRA.

Table 4. The element distribution obtained by EDS (%).

Group C O Si K Ca

C1 8.48 48.26 21.78 1.98 1.74
C2 - 20.58 8.52 2.50 7.13
C3 26.05 23.52 2.02 - 36.82
C4 23.64 48.48 5.77 - 13.30
C5 7.96 61.60 - 7.66 21.47
C6 14.55 36.99 9.49 1.53 4.55
C7 8.84 46.12 18.86 2.17 1.37
C8 17.98 4.22 1.18 1.93 3.93
C9 8.76 46.53 9.47 0.19 23.88

C10 40.98 7.62 0.99 - 0.75

Table 5 shows the Ca/Si ratio obtained by EDS. The Ca/Si ratios of C1, C5, C6 and C7
were relatively low. This may be due to the SiO2 in the aggregate. The low Ca/Si ratio of
the C-S-H gels was beneficial for the gels and concrete, because the average length of the
silicate chain of C-S-H gels increased with the low Ca/Si ratio, the degree of polymerization
increased, and the performance was better.

Table 5. The Ca/Si ratio obtained by EDS (%).

Group C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Ca/Si ratio 0.08 0.84 18.23 2.31 0 0.47 0.07 3.33 2.52 0.76
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4. Conclusions

In this study, the influence of fluidity on ultrasonic velocity, capillary water absorption,
and compressive strength was studied. The ceramsite dispersion was characterized by CV.
The optimum slump flow was 12.35 and 12.5 cm, which was also verified by microscopic
tests. The conclusions are as follows:

(1) The addition of WRA improved the fluidity. Conversely, the addition of SC reduced
the fluidity. WRA caused a much greater change in the concrete fluidity.

(2) The relationship between the ultrasonic sound speed and the increasing fluidity could
be deduced as a negative correlation. The addition of SC increased the internal
defects and compressive strength. The water absorption was negatively correlated
with the compressive strength. The concrete with a slump flow of 12.35 and 12.5 cm
reaching the maximum compressive strength, which had the lowest water absorption,
demonstrated internal homogeneity.

(3) By analyzing of the ultrasonic velocity’s CV and the compressive strength’s CV, the
fresh cement concrete with a slump flow of 12.5 cm shows the lowest CV, indicating
the optimum SC dispersion. The optimum slump flow was 12.35 and 12.5 cm. That
is the concrete with 0.6% WRA. The TG analysis revealed that the addition of 0.6%
WRA promoted the hydration of cement. Combined with the XRD and SEM results,
the amount of calcium hydroxide (CH) was the least with the concrete of 0.6% WRA
addition. Furthermore, the organic substances in SC increased the hydration products.
These phenomena indicated that a more homogeneous dispersion of SC and better
concrete properties were obtained at a slump flow of 12.35 and 12.5 cm, which can be
used in the future.
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